ABSTRACT: This work summarizes recent studies evaluating the torsion and curvature parameters in flocculation efficiency using a hydraulic plug flow flocculator known as a Flocs Generator Reactor (FGR). Colloidal Fe(OH) 3 and coal particles were used as suspension models and a cationic polyacrylamide was used for the flocculation. The effectiveness of the aggregation process (in the distinct curvature and torsion parameters, and hydrodynamic conditions) was evaluated by the settling rate of the Fe(OH) 3 flocs, and flocs size by photographic analysis. As a result of curvature, a secondary flow is induced and the profiles of the flow quantities differ from those for a straight pipe. Results showed that the differences in the flocculator design influences the Fe(OH) 3 flocs size and settling rates, reaching values of about 13 and 4 m/h, for the coiled and straight pipes respectively. Coal flocs generation was also shown to be dependent on the flocculator design and shear rate. Results showed that turbulent kinetic energy increases because of curvature when the torsion parameter is kept constant (pitch close to zero), enhancing the flocs formation. Water Environ. Res., 90, 322 (2018).
Introduction
Coiled tubes are extensively used in several industrial processes as chemical reactors, viscometers, heat exchangers, and for polymerization. However, some recent studies were carried out for application in particles aggregation of environmental and mineral systems (Bremer et al., 1995; Carissimi and Rubio, 2005a , 2005b Carissimi et al., 2007; Liou, 1992; Luo and Nguyen, 2017; Oliveira et al., 2010; Oliveira and Rubio, 2012; Owen et al., 2008; Oyegbile et al., 2016a Oyegbile et al., , 2016b . The main advantages over straight pipes are that the coiled tubes provide, besides the compactness, higher heat and mass transfer coefficients, higher friction factors, and, in particular, an extended laminar flow regime. Besides its design and operational simplicity, it reduces the cost of investment when compared with the conventional flocculation process (mechanical mixers). Most of these features are associated with the action of centrifugal forces, which develops a secondary flow field in the cross-sectional plane, perpendicular to the tube axis that is caused by the curvature and torsion (or pitch) of the helical pipes (Figure 1) . Dean (1928) first showed, on a theoretical basis, that secondary flow is the result of centrifugal forces in the main flow. When a fluid flows through a helical tube or channel, a secondary flow is induced because of the difference in the centrifugal force caused by fluid elements moving with different axial velocities. The resulting flow pattern may be described as a double vortex circulation across the tube cross-section, which is superimposed on the axial velocity profile. However, according to Yamamoto et al. (2002) , the line dividing the two vortices varies its direction from horizontal to vertical as the torsion increases. These counter rotating flow patterns are maintained until they dissipate downstream by viscous friction (Ujhidy et al., 2003) .
Several studies were carried out at the secondary flow field in coiled tubes with zero pitch (negligible distance among the coil rings), where only curvature-induced centrifugal forces are considered. When the pitch of coiled tubes is not zero, the secondary flow fields become more complex because the fluid in the helically coiled tube is subjected to the Coriolis force as a result of the curvature and torsion (highly influenced by the pitch) of the tube. Many studies evaluated the torsion effects of flow in a curved circular pipe (Germano, 1982; Kao, 1987; Redlinger-Pohna et al., 2016; Tse et al., 2011; Wang, 1981; Yamamoto et al., 1994 Yamamoto et al., , 1998 and it was reported that the torsion has some effects on the flow in curved tubes and, as the torsion increases (into a more twisted shape), the double vortex in the coiled tube changes its shape to almost one single vortex. Experimentally, Murakami et al. (1971) investigated the hydraulic resistance in tubular coils with various values of spiral pitch and diametric ratio. From the measured mean value of the resistance coefficient, they concluded that the secondary flow in helical coils is fully developed after the first four or five turns of the coil. White (1929) was one of the first authors to make important observations regarding flow in curved pipes and, more specifically, about the laminarization effect, which means that the flow in coiled pipes could be remain laminar for substantially higher Reynolds numbers than is possible in straight pipes. Some authors described the laminarization phenomenon as a stabilizing effect on coiled pipe flows (Taylor, 1929; Yamamoto et al., 1998) . Sreenivasan and Strykowsky (1983) demonstrated that a dye streak introduced into the straight section upstream of a coil diffuses rather rapidly in a certain Reynolds (Re) number range (about 4000), indicating a turbulent flow in the linear (straight) pipe, after the flow downstream of the coil becomes perfectly unruffled (completely laminar) in the fourth coil, indicating a laminar state of flow in the coiled pipe.
It is not yet known exactly how curvature works to suppress turbulence in helical coils. Certainly, the streamwise acceleration of the inlet flow near the inner wall of the coil works to laminarize the motion (Webster and Humphrey, 1993) . Because of this phenomenon, at least three fundamental flow regimes for helical coils have been established, which is four times higher than in a straight pipe (Elmaleh and Jabbouri, 1991; Webster and Humphrey, 1997) . For Re , 2300, the flow in the coil is laminar, and for Re . 8000 the flow becomes turbulent. In the intermediate Reynolds number range, 2300 , Re , 8000, there are turbulent fluctuations in the inlet flow that are damped, either completely or fairly significantly, in the coil, depending on the Re number. However, when applied to flow through a helical coil, the expression ''transition to turbulence'' as it applies to straight pipes is inappropriate or, at best, ambiguous. Thus, in order to ease the discussion, some authors apply the term ''transitional'' regime to the regime spanning steady laminar flow and fully turbulent flow in a coil (2300 , Re , 8000). Table 1 summarizes the flow regimes for both a linear and a coiled pipe.
A helical pipe is constructed by winding a pipe of diameter 2a around a cylinder of diameter c. Curvature (d) and torsion (s), eqs 1 and 2 respectively, are the two main nondimensional parameters related to (a, b, c) that have great influence in the hydrodynamic flow of coiled pipes .
The torsion parameter is given by eq 3:
where, k is the torsion to curvature ratio, as defined by eq 4 (Yamamoto et al., 2002) .
A number of studies have shown this phenomenon, theoretically and numerically, for various types of flow and ducts (Cioncolini and Santini, 2006; Liu and Masliyah, 1993; Mondal et al., 2013; Sartori et al., 2015; Torres et al., 1991; Tse et al., 2011; Tuttle, 1990; Webster and Humphrey, 1997; Yamamoto et al., 1994 Yamamoto et al., , 1998 Yamamoto et al., , 2002 Yanase et al., 1989 Yanase et al., , 1994 . However, there are only a few experimental investigations on flow patterns in the coiled units, especially regarding the evaluation of these units as flocculation units. Thus, the aim of the present work is to display quantitatively and characterize the flocs formation performance according to various pitches (distinct torsion and curvature parameters) and distinct hydrodynamic conditions (Reynolds or Dean numbers) in a novel coiled unit, known as the Flocs Generator Reactor (FGR). Methodology Materials. In this study FeCl 3 anhydrous (EMD -FW 162.21) was used for the generation of the colloidal precipitates and NaOH (AR), from Mallinckrodt Chemicals, for the pH adjustments. Also, coal particles (25-45 lm) were employed as a suspension model. A high molecular weight cationic polyacrylamide (CP 904) from Hyperfloc (selected through jar tests studies as the best polymer for both the Fe(OH) 3 and the coal particles flocculation) was employed in all the studies.
Equipment. The FGR was designed and constructed for the flocs generation ahead to the flocs settling stage. The FGR was constructed with a Tygon tube (B-3603) with an inner diameter of 1.25 cm and a length of 12 m, enrolling a 10 cm diameter polyvinyl chloride column. The twist (pitch among the coil rings of the FGR) was variable, in order to obtain distinct values of curvature and torsion, as detailed in the Methodology.
The system rig used, shown in Figure 2 , was composed of a tank (with a capacity of 200 L) for the Fe(OH) 3 /coal preparation and storage, two peristaltic pumps, a Masterflex feed pump (model 7549-60), and a Masterflex polymer dosing pump (model 7562-00), provided by Cole Palmer Instrument Company. Flowmeters and gauge pressures were employed for the flow rate and pressure measurements, respectively.
Methods. Flocculation experiments were carried out at room temperature (16 8C), using colloidal Fe(OH) 3 dispersion formed from the FeCl 3 dissolution and subsequent precipitation with NaOH at pH 7.5 6 0.5 (monitored with an Accumet pH meter, model AR25). Initial particle size of the Fe(OH) 3 colloids ranged from 0.4 to 0.04 lm (Deng, 1997) , however, coal particles (sieved between 25 and 45 lm) were used as the suspension model. The polymer solution was prepared with deionized water using a Caframo stirrer (model RZR50) and added inline to the Fe(OH) 3 or coal dispersion, and pumped to the hydraulic flocculator for the flocs generation. The flow exiting from the FGR fed the solid-liquid separation vessels (columns) whereby the settling rates were evaluated. These rates were calculated, monitoring the times required for the flocs to settle at a fixed distance. Time measurements were made by direct observation (randomly) of many individual flocs. The curvature and torsion effect (different pitches among the FGR coiled rings) was carried out by monitoring the separation rate of the flocs formed and by photographic analysis and is summarized in Table 2 . Flocs growth and changes in size were evaluated using a Pentax photographic camera (model iST-D) after the flocs exited from the FGR (localized at the seventh coil ring or 2.41 m of reactor length). This position was chosen because flocs growth was fairly visible. Photographs of the flocs exiting the FGR were taken through the flow in a glass pipe with a 2.5 cm square section, using a 2.5 mm squared paper in the background. The torsion effect, the curvature effect, and the torsion parameter were evaluated and the values are shown in Tables 3, 4 , and 5, respectively. Flocculation efficiency was monitored by means of iron removal from water, analyzing (with a Varian atomic absorption spectrometer) the residual iron concentration in the supernatants after flocculation. Coal particles were monitored in terms of supernatant turbidity. In all cases, the flocculation degrees were higher than 95%. All experimental conditions were tested in triplicate, with at least 30 replicate measurements of separation in each experimental set. An arithmetic average of all the values obtained were calculated and statistically analyzed according to the analysis of variance (one-way ANOVA), as described in Montgomery (2013) .
Results and Discussion
The effect of pitch (distance among the FGR rings) and Re (in the three flow regime profiles as mentioned above), and their effect in the settling velocity of the Fe(OH) 3 flocs are shown in Figure 3 . For all cases evaluated, the highest settling rates ranged from 18 to 3 m/h for the higher Re applied (8470) and no pitch (distance) among the coil rings. At the smaller Re numbers (1695 and 4235), in all cases, the lower aggregation efficiency may be the result of low turbulence or shear rate, which is required to form the flocs. However, as the pitch increases (tending to extend the FGR until a linear shape is achieved) the difference among Re numbers, for the same pitch applied, decreases considerably. This may be explained by the fact that by extending the pipe the centrifugal forces decrease, and the difference among Re also becomes insignificant for flocs generation. Figure 4 shows the settling rate of the flocs as a function of torsion to curvature ratio (k) and Re number. Results for all the Re evaluated behave similarly and show that the settling rate decreases as k increases, which means smaller curvatures and higher torsion parameter values, tending to an extended pipe. This phenomenon may be explained by the lower mixing and the absence of centrifugal forces (secondary flows) as the shape of the pipe tends to be linear. Pictures of the flocs are shown in Figure 5 . It is shown that, for the more coiled situation (with no pitch), the flocs size is around 2 to 3 mm, and the size is reduced when the pitch is increased until a point (linear shape) where no floc is observed. Nonetheless, it is shown that, as flocculation efficiency decreases, the yellow-to-brown color becomes more evident in the aqueous media.
The settling rate data of the flocs as a function of curvature (d) and Re number are shown in Figure 6 . Results show that the settling rate is increased as d increases (higher curvature). These results may be explained by higher mixing because of the centrifugal forces (secondary flows) as the shape of the pipe tends to be more twisted. According to H¨uttl and Friedrich (2000) , the curvature provokes a stronger effect in the secondary flows through curved pipes than torsion, but torsion cannot be completely neglected. Yamamoto et al. (1994) studied, numerically, the effect of curvature and torsion on flow in a helical pipe of circular crosssection and their results indicated that torsion had some effects on the flow. It was verified that the conventional two-vortex secondary flow was distorted to become almost one single recycling cell when bo 0.8, when Dn ¼ 100, and d ¼ 0.01. Figure 7 shows the results obtained for the Fe(OH) 3 flocs for values of bo below and above 0.8 (double and single vortex according to the theoretical investigation of these authors). In this case, settling results showed lower values than the other investigations discussed in this work. Nonetheless, although bo increases, there is a slight difference among the settling rate values. This may be a result of the lower Dn number applied (which means less turbulence), in order to use same parameters than the numerical studies, and also, because an increase in the bo represents a higher torsion (once curvature, in this case, was kept constant). These data confirm what some authors have investigated about the minor influence of torsion on flow and secondary effects, and flocs formation seems to be more sensitive to Dn number than to the torsion effect. Figure 8 shows the effect of the pitch and Re number, and their effect in the settling velocity of the coal flocs. For all cases evaluated, the highest settling rates ranged from 13 to 5 m/h for the higher Re applied (8470) and no pitch (distance) among the coil rings. At the smaller Re numbers (1695 and 4235), in all cases, the lower aggregation efficiency may be a result of the low turbulence required to form the flocs. Yet, as the pitch increases (tending to extend the FGR until a linear shape is achieved), the difference between Re numbers for the same pitch applied, decreases considerably. This may be because, when extending the pipe, the mixing resulting from centrifugal forces decreases and the difference among Re also becomes insignificant for flocs generation. However, it is important to note that, as the torsion increases, the Re limits for laminar, intermediate, and turbulent follow the classification for a linear pipe.
A comparison between Fe(OH) 3 and the coal flocs is shown in Figure 9 . The coal flocs present a higher settling rate because of their higher density, but the behavior for both systems is similar, with an enhanced settling rate as the Re increases and reaches about 8500 (turbulent flow regime for the coil unit). Above this value, the settling rate is not so significant for the values evaluated in the turbulent region.
Conclusions
The effect of curvature and torsion, in a fully developed flow in the FGR, has been studied by means of flocs formation and flocs size. The secondary flow attributable to curvature was induced and the flow profiles differ considerably from those for a linear pipe flow. Results showed that the pitch (distance among the coil rings of the FGR) and the resulting hydrodynamic behavior greatly influence flocs generation. Thus, when the pitch is zero, a higher flocs generation efficiency was obtained because of the higher curvature. As the pitch increases, providing a higher torsion situation or a more extended pipe, flocs generation efficiency was lower. The difference in the flocculator geometry (coiled or linear) affects the flocs size and settling rates, reaching values of approximately 14 and 6 m/h, for the Fe(OH) 3 flocs (i.e., for a Re ¼ 8470), with flocs size in the order of 4 mm and less than 1 mm, for the coiled and straight pipe arrangement, respectively. Coal flocs generation was also shown to be extremely dependent on the helical geometry of the FGR and hydrodynamic conditions. Results showed that turbulent kinetic energy increases with curvature when the torsion parameter is kept constant (pitch close to zero), enhancing the flocs formation.
